The main objective of the current work was to fabricate calcium phosphate (CaP) coating on 99.9% purity magnesium, Mg substrate through simple chemical conversion method and evaluated the surface properties and corrosion performance of the coated substrates. The chemical conversion method was done by immersing the samples inside primary phosphating bath and followed by secondary treatment in alkaline solutions. The coated samples from the primary (PRI) and secondary (SEC) coating treatment were analyzed from morphological, topographical, and phase analysis aspects. The corrosion behaviour of the coatings inside simulated body fluid was assessed by potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy (EIS). The PRI and SEC coated were composed of dicalcium phosphate dehydrate (DCPD) and hydroxyapatite (HA), respectively. Both of the coatings improved the corrosion resistance of the Mg substrate. The corrosion potentials, E corr of the coated samples becomes nobler compared to the bare substrates. EIS shows that the polarization resistance, R p is improved about 40 and 2 times fold for PRI and SEC compared to the uncoated samples. Furthermore, PRI shows better corrosion resistance compared to SEC due to lower porosity along with thicker and better coating coverage.
Introduction
Metallic implants are more favoured for orthopaedic applications such as immobilization and bone fracture fixation device due to their excellent mechanical properties compared to polymers and ceramic materials [1] . Mg alloys have gained popularity as revolutionary implant materials that applied to handle the bioinert problem with the current conventional implant materials. Mg are well known for its biodegradability, matched mechanical properties with natural bones, and especially biocompatibility with the physiological environment [2, 3] . Biodegradable properties of the Mg is governed by its high reactivity and corrosion process inside aqueous solutions [2, 4] . However, the corrosion rate of the Mg is higher compared to sufficient healing periods. Thus, there is a necessity to control the fast degradation rate of Mg, so that the Mg based implants could maintain the mechanical integrity, hence keep functioning as supports or orthopaedic devices and safely excreted from the human body via urine disposal [2] . Several strategies have been employed to improve the corrosion resistance of Mg such as selection of alloying element [5] [6] [7] [8] and development of composite reinforced with bioactive ceramic phase [9, 10] . Even though these strategies are working in order to reduce the corrosion rate of Mg, it seems that the corrosion rate is still high. Another plausible way to protect Mg alloys from corrosion attack inside physiological environment while maintaining a good level of bioactivity are by through coating process. CaP coating has been successfully applied as bioactive coating, which not only provide corrosion protection, but also biocompatible and nontoxic [3] . Previous projects have successfully coated CaP onto the metallic implant substrates such as titanium [11] and Mg [12] [13] [14] [15] [16] [17] [18] . The application method for CaP are relatively varied from as simple as direct chemical immersion [3, 12, 13, [15] [16] [17] [18] and to a more advanced technique such as plasma spraying and pulse laser deposition method as been reviewed previously [1, 19] . However, advance techniques which require high temperature are not a suitable way for coating CaP onto Mg because of their low melting temperature and poor heat resistance [10, 17] . So, the simple chemical method seems to be the suitable way of coating Mg with CaP. Therefore, this research work was aimed to produce CaP coating via a chemical conversion method on Mg and study the surface characteristics, in-vitro corrosion resistance, and discussed the correlation between these two properties.
2.
Materials and methods
Sample preparations and conversion coating process
An ingot of Mg with compositions of >99.9% purity was used as the substrate material. The samples were cut from the ingot into dimensions of 10 × 10 × 5 mm. The samples were ground according to metallography procedure up to 1200 grit. Prior to coating processes, the samples were cleansed by using deionized water (DI). The coating procedure will be divided into two steps, which is phosphating and alkaline treatment process. For ease of reference, the phosphating will be referred as the primary coating process (PRI) and alkaline treatment as the secondary coating process (SEC). The PRI coating process conducted in order to coat the metal surfaces with calcium phosphates (CaP) compounds and followed by the SEC coating process to convert any CaP phases obtained after PRI coating into a more stable hydroxyapatite (HA). The PRI coating bath consists of the source of Ca 2+ , source of PO 4 3− , and bath sta- 
Corrosion analysis
The corrosion analysis was performed in Simulated Body Fluid (SBF) at 36.5 ± 0.5 • C. The SBF was prepared according to Kokubo and Takadama's protocol [20] . A classic three-electrode cell was used with platinum as the counter electrode, a saturated calomel electrode (SCE, +0.242 V vs. SHE) as the reference electrode. The samples (working electrode) were having exposed area of 1 cm 2 . The Tafel potentiodynamic polarizations (PDP) were conducted by employing scanning rate of 1 mV/s. Before executing Electrochemical Impedance Spectroscopy (EIS) measurements, the sample was immersed in SBF for 60 min to establish a stable open circuit potential (OCP). EIS measurements were carried out from 10 −2 Hz to 10 4 Hz at OCP values. The perturbation signal amplitude is set as 10 mV/RMS. The impedance data were shown as Nyquist plots. The data were analyzed by using Autolab NOVA 1.11 software. The electrochemical parameters obtained were further exploited to predict the porosity of the coating. Coating porosity was calculated by using Eq. (1) [18] :
Where; P = porosity percentage.
R uc = polarization resistance of Mg substrate or uncoated sample.
R p = polarization resistance of coated sample.
E corr = E corr coated sample − E corr substrate.˛ = anodic Tafel slope for substrate.
3.
Results & discussion Fig. 1 shows the FESEM observations and EDS data of the substrate and coated samples. As the uncoated (UC) substrate being coated inside primary coating bath, it could be observed that the PRI samples were covered with flakes with flower-like shapes ( Fig The EDS results show that it comprised of O, Mg, Na, P and Ca elements with Ca/P ratio of 17.6/9.64 = 1.8257, slightly higher than the ideal stoichiometry HA (1.67) [21] . From EDS, the Mg content is higher compared to PRI, which suggests that the SEC coated is thinner than PRI coated. This also could be contributed by the DCPD to HA conversion process. There are some traces of sodium, Na found on the surface of SEC coated. The Na may emerge from traces of NaOH solutions. Phase analyses of the samples were illustrated in Fig. 2 . From Fig. 2(a) , the expected diffractogram of Mg substrate were revealed and in-line with the PDF 00-035-0821. The PRI samples were covered mainly with DCPD phases (PDF 01-072-0713). It could be observed by the occurrence of the major planes of DCPD such as (0 2 0), (1 22) , (0 4 0), (1 11) at 2 value of 11 • , 21 • , 24 • and 29 • . The Mg substrate peaks still observable from the diffractogram with lower intensity and this could be attributed to the good coverage and the thickness of the coating on top of the substrate surface. Fig. 2(c) confirmed that the HA phase were appeared on the surfaces after secondary coating process (PDF 01-074-7564). Besides, most of the DCPD phases that appear after primary coating are slightly disappear, which supports the observations of the dissolution process of DCPD into HA in Fig. 2(c) . The Mg peaks reflection intensity is slightly increased compared to the diffractogram produced by the PRI coated sample. The re-emergence of the Mg peaks could be subjected to the Mg(OH) 2 phase, porous nature of the coating and the erosion process impart by the secondary coating treatment towards the sample [18] . The Mg(OH) 2 could not be detected by the diffractogram. This is Fig. 1 -Microstructure and EDS spectra of (a,b) UC, (c,d) PRI coated, and (e,f) SEC coated samples. Intensity (a.u.) related to the amorphous nature of the phase and the preferred orientation of the samples. The topographical features of the coatings were examined under AFM. The average roughness, Ra and root mean square roughness, Rq value of each sample were attached together with topographical features as depicted in Fig. 3 . The AFM revealed that the UC samples composed of slightly rough uniform peaks, resulting from the grinding polishing process. The process is needed to provide texture for the interlocking between the coating and the substrate [22] . For PRI coated, the topographical features a slightly coarse shape profile with thin splinter peaks and could be linked from the flower-like flakes as evidenced in the Fig. 1(b) . For SEC coated, the profile exhibit finer surface with thicker splinter compared to PRI coated. It 
Surface features of the coatings

Corrosion analysis
PDP of the coated and uncoated samples were executed inside SBF at 37 • C and the results were illustrated in Fig. 4 . The electrochemical parameter obtained from the polarization curves were tabulated in Table 1 . It could be stated that the coatings improved the corrosion resistance of the samples. The E corr of PRI and SEC coated samples shifts towards nobler directions compared to the UC sample. The polarization current density (i corr ) of the coated samples is also smaller compared to the UC. The cathodic branch of the PDP curves representing the hydrogen evolution process [15] , denoted by Eq. (2);
The ␤c of the three samples are within range of −120 mV/dec to −300 mV/dec, which confirms the water reduction process with the release of hydrogen gas such as 
The ␤␣ of the three samples are within range of 30 mV/dec to 320 mV/dec, in the same agreement with Eq. (3) and results from previous studies [15] . Deflection points at anodic branch of UC and SEC curves could be observed at −1.55 V and 1.45 V, respectively. The sudden increment in current density, which yield these deflections points denotes the beginning of pitting corrosion, E pt [24] . The PRI sample is more corrosion resistance compared to the SEC and UC. This is the main reasons for the vague E pt point for PRI. Besides, the high corrosion resistance of the PRI coated could be the results of the absence of secondary coating treatment process. The dissolution process of DCPD into HA phases through secondary coating treatment could leave some micro-pores and cracking that slightly assisted corrosion attack by providing sites for the corrosion attacks to progress. Additionally, it is suggested that the PRI coating is thicker compared to the SEC. The thinning of the SEC coating is due to the erosion resulted from the DCPD dissolutions [25] . This is supported by the prediction of coating porosity for PRI and SEC coated samples calculated by using Eq. (1). As it could be observed, the PRI produced the lowest porosity value, about 0.3% and SEC sample has porosity up to 22.6%.
Following the polarization, the samples were further examined by using EIS. The Nyquist plot of UC, PRI and SEC samples were plotted and presented in Fig. 5 . All samples exhibited 2 times constant. Noted that PRI sample also has 2 time constants with both of the semicircle is overlapped. Theoretically, lower-frequency is subject to solution-substrate interface and higher-frequency time constant is subjected to solution-coating interfaces [25] . It could be observed that dimension of the semicircle is in order of PRI SEC UC. The diameter of the semicircle is directly proportional to the corrosion resistance of the samples [25, 26] . Hence, it is direct evidence that the PRI sample has superior corrosion resistance performance, followed by the SEC and UC samples. The Nyquist plot is complementing the PDP results as depicted in Fig. 4 .
To further understand the corrosion characteristics of the samples, EIS impedance data for UC, PRI and SEC were fitted to the equivalent electrical circuit (EEC) as depicted in Fig. 5(c) . All of the fittings are less than 0.05 (P < 0.05), hence the EEC fittings are acceptable. According to the Nyquist plot in Fig. 5 , all samples yield two loops at high frequency (HF) and medium frequency (MF). The HF loop was denoted by R 1 and CPE 1 and the MF loop denoted by R 2 and CPE 2 . For coated samples, the HF is associated with the dielectric properties of the DCPD and HA coatings [16, 17] and the MF is suggested to be related to the inner layer of Mg(OH) 2 . For UC, the HF is suggested for Mg(OH) 2 layer and MF is for the MgO layer. Rs stand for solution resistance and CPE is the constant phase element. According to the literature, the CPE is can be further defined by two values; which is admittance (Y) and power index number (n), given by [16] [17] [18] . The value of n is used to represent the electrical properties of the coatings. capacitive behaviour (flat surface) and 0.5 for porous surface [27] . The CPE was utilized in the proposed EEC model for better fit. Besides, Nyquist plot of all samples exhibit depressed semicircle (Fig. 5) thus, which makes the CPE is the most suitable selection for the proposed EEC model [28] . EIS fittings were tabulated in Table 2 . The polarization resistance, R p of the samples is accounted by the total resistance imparted from the R 1 and R 2 values. It should be noted that the coatings improved the corrosion resistance of the samples. The PRI and SEC coating improved the R p of the samples almost 40 times and 2 times greater than the UC, respectively. However, it is clear that the corrosion resistance of the PRI coated is superior compared to the SEC. It is proven by the lowest value of admittance, Y 1 of the HF loop exhibited by the PRI sample. The low n 1 value, suggesting that the PRI coated is porous and rough. The Y 1 value of HF loop of the SEC is higher compared to the PRI, denoting that it is less corrosion resistant than PRI. As discussed by Su et al., they stated that the value of admittance, Y is given by Y ≈ εε 0 A/d, where; ε is the dielectric constant of coating, ε 0 is the dielectric constant of free space, A is the exposed coating area and d is the coating thickness [25] . From the equations, it could be stated that the Y 1 value is inversely proportional to the coating thickness, d. Hence, the increment of Y 1 value of SEC confirmed that the alkaline treatment lowering the corrosion resistance of the samples by lowering the coating thickness. The n 1 value for the SEC is higher, suggesting that due to the secondary alkaline treatment, the SEC coat becomes denser and the coatings become less rough. Moving towards the MF loops, the R 2 values produced by all of the samples are lower compared to the R 1 values. This shows that the Mg(OH) 2 and MgO layers also imparts some degree of resistance towards corrosion attacks, even though the value is far more less compared to the PRI and SEC coatings. The Y 2 and n 2 values are comparable for each sample.
The coatings of DCPD and HA protects the samples by minimizing the contact area between the surrounding solutions and the substrate surface. As discussed, the DCPD coat on the PRI sample have better coating coverage throughout the sample surface and low porosity that helps minimize the ionics penetration of corrosion attack from adjacent solutions. Conversely, SEC with HA coatings possessed higher porosity and lower thickness. Besides, surface roughness of PRI is comparable to SEC coated, which means both coatings have an equivalent exposed area to the corrosion media. From the biomaterials point of views, HA phase is more favoured because of its bioactivity and similarity with bone minerals. Besides, HA is more stable compared to DCPD [29] . It is suggested that tailoring the deposition coating time could further improve the properties of the coatings. As an example, the primary treatment time could be prolonged in order to produce a thicker DCPD coating on the substrate. Then, the secondary treatment time could be shortened or extend accordingly. Then the conversion of DCPD into HA by secondary treatment could be done and minimizing the dissolution and erosion of the treatment. It is suggested in the future that the effect of both coating time on the corrosion performance of Mg is conducted in order to extend our knowledge.
Conclusion
CaP coating on the pure Mg substrate was successfully produced by using a simple chemical conversion method. The surface features characterization of both PRI and SEC coated samples revealed that the coatings exhibit the flower like shape features. The phase analysis confirms the formation of DCPD phase for PRI sample and HA phase for SEC samples. The electrochemical corrosion analysis revealed that both coatings have improved the corrosion resistance of pure Mg inside SBF. It is revealed that the PRI possessed higher corrosion resistance compared to the SEC. It is confirmed that the alkaline treatment has made the SEC more prone to corrosion. This is because the treatment has imparted erosion to the samples which will lead to thinning of the coating and porosity. However, the secondary coating treatment is needed in order to convert the DCPD to a stable HA. The processing parameters are suggested to be the decisive factors on the performance of the HA coated Mg. Nevertheless, future work should focus on systematic studies or optimization of primary and secondary coating parameters on properties of final coated products.
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